Background and Aims Plant species that share pollinators are potentially subject to non-adaptive interspecific pollen transfer, resulting in reduced reproductive success. Mechanisms that increase pollination efficiency between conspecific individuals are therefore highly beneficial. Many nocturnally flowering plant species in Thailand are pollinated by the nectar bat Eonycteris spelaea (Pteropodidae). This study tested the hypothesis that plant species within a community reduce interspecific pollen movement by placing pollen on different areas of the bat's body.
INTRODUCTION
Early naturalists noted that sympatric plant species likely compete for pollinators, and that such competition could be strong enough to cause species to diverge in habitat affinity, flowering time, pollinator identity or floral morphology (Robertson, 1895) . Since then, competition for pollinators and the negative effects of interspecific pollen transfer have been well documented in a number of systems (reviewed in Waser, 1983; Morales and Traveset, 2008) . For example, female fitness can be reduced through stigma or style clogging (Waser, 1978; Waser and Fugate, 1986; Morales and Traveset, 2008) , while male fitness can be reduced by pollen loss to heterospecific flowers (Inouye et al., 1994; Murcia and Feinsinger, 1996; Muchhala and Thomson, 2012) . A pollinator moving between different plant species can therefore negatively impact the fitness of each plant species simultaneously (e.g. Waser, 1983) .
Pollination syndromes, or suites of floral characteristics attractive to specific groups of flower-visiting animals (Faegri and van der Pijl, 1966; Fenster et al., 2004 Fenster et al., , 2015 , reflect pollinator-mediated selection and result in visitation fidelity of certain pollinator species while deterring the visits of others (Castellanos et al., 2004) . For example, the bat pollination syndrome includes many traits that attract nectarivorous bats (nocturnal anthesis, copious nectar production, pale flowers that are easily visible at night; Faegri and van der Pijl, 1966; Fleming et al., 2009 ), yet deter, for instance, diurnal nectarivores. However, flowering plant species that share the same pollination syndrome can also share the same pollinators, which increases the risk of interspecific pollen transfer and reduced plant reproductive success.
One mechanism that can reduce interspecific pollen transfer is differential pollen placement caused by variation in floral morphology among sympatrically flowering species. By placing pollen on different areas of the pollinator, plant species can limit heterospecific pollen movement even when sharing the same pollinators. Differential pollen placement has been studied in a number of pollination systems, including diurnal bees (Campbell and Motten, 1985; Armbruster et al., 1994 Armbruster et al., , 2014 Ollerton et al., 2007; Yang et al., 2007; Flanagan et al., 2009; Waterman et al., 2011; Huang and Shi, 2013; Huang et al., 2015) and hummingbirds (Waser, 1978; Feinsinger and Tiebout, 1991; Murcia and Feinsinger, 1996; Kay, 2006) and nocturnal nectar bats in the neotropics (Howell, 1977; Tschapka et al., 2006; Muchhala, 2007; Muchhala and Potts, 2007; Muchhala and Thomson, 2012) . However, these studies rarely demonstrate whether differences in pollen placement on the pollinators actually promote conspecific pollen transfer and reduce interspecific pollen transfer.
Surprisingly, differential pollen placement has never been examined in palaeotropical nectar bats (Pteropodidae), despite this family being an attractive study system for two main reasons. First, several pteropodid species have broad diets (Marshall, 1985; Bumrungsri et al., 2013) and, compared with their neotropical counterparts, palaeotropical bat-pollinated plants are more likely to be pollinated by opportunistic nectarfeeding bats (i.e. bats that predominantly consume non-floral resources) than nectar specialist bats (i.e. bats that primarily or exclusively consume floral resources; Fleming et al., 2009) . A mere 13 % of bat-pollinated genera in the New World are visited by opportunistic nectar-feeding bats, compared with 92 % in the Old World (Fleming et al., 2009) . We therefore expect high potential for interspecific pollen transfer. Second, batpollinated plant species exhibit a striking diversity of floral designs, which suggests that the reproductive structures of these different flowers contact different areas of the bat's body.
To test whether the various floral designs of bat-pollinated plant taxa limit interspecific pollen movement in the palaeotropics, we compared pollen transfer by the dawn bat (Eonycteris spelaea) between conspecific flowers and heterospecific flowers. Recent fieldwork has shown that E. spelaea is an effective pollinator that promotes pollination between conspecific flowers (Acharya et al., 2015) ; however, the mechanism limiting interspecific pollen transfer has not been empirically tested. Thus, to determine whether patterns of pollen placement differ by plant species commonly found within a community, we quantified the amount of pollen deposited on four locations of the bat's body. We predicted that E. spelaea would transfer more pollen between conspecific flowers than heterospecific flowers, because the variable floral designs would promote pollen placement on different areas of the bat. This study demonstrates a mechanism reducing competition among flowering plant species sharing a common pollinator in an understudied, Old World tropical system.
MATERIALS AND METHODS

Pollinator study species
Eonycteris spelaea (Pteropodidae) is a colonial, cave-roosting bat species with many adaptations for nectar-feeding, including an elongated muzzle and tongue (Freeman, 1995) (Fig. 1) . We chose to focus on E. spelaea because it is the most common pollinator of many chiropterophilous plant species (Gould, 1978; Bumrungsri et al., 2008 Bumrungsri et al., , 2009 Srithongchuay et al., 2008) and routinely forages on the flowers of several plant species within a single night (Bumrungsri et al., 2013) .
Plant study species
We tested pollen transfer efficiency by E. spelaea among four bat-pollinated genera: Ceiba pentandra (silk-cotton), Durio zibethinus (durian), Musa acuminata (banana) and Parkia flowers of two species: P. speciosa (petai or sator) and P. timoriana (tree bean or riang) (Fig. 2) . These four plant genera account for 50-100 % of the diet of E. spelaea across all months of the year (Bumrungsri et al., 2013) , and therefore are continually at risk of interspecific pollen transfer. They share many characteristics of the bat pollination syndrome (Faegri and van der Pijl, 1966) , including nocturnal anthesis, abundant pollen that dehisces in early evening, and copious nectar production that steadily declines throughout the night (Elmqvist et al., 1992; Elangovan et al., 2000; Sripaoraya, 2005; Vikas et al., 2009) . The flowers of these plant species open for a single night, with corollas dropping by morning (Faegri and van der Pijl, 1966; Itino et al., 1991; Srithongchuay et al., 2008; Bumrungsri et al., 2009) .
Big bang species. Ceiba pentandra is found in both the New and Old World tropics, and is primarily bat-pollinated in both regions (Gribel et al., 1999; Singaravelan and Marimuthu, 2004) . The degree of self-compatibility in this hermaphroditic species varies greatly (Gribel et al., 1999; Lobo et al., 2005) , but it has generally been described as self-compatible in the Old World tropics (Toxopeus, 1948; Baker and Harris, 1959) . A single tree can produce hundreds of thousands of flowers (Gribel et al., 1999) presented in clusters along terminal branches (Singaravelan and Marimuthu, 2004 ) during a short, intense, highly synchronous flowering period (Gribel et al., 1999; Lobo et al., 2005) . Flowering occurs during the dry season and varies geographically (Gribel et al., 1999; Lobo et al., 2005) ; in our study area, all flowering occurred between late November and mid-February (Stewart and Dudash, unpubl. res.) .
Durio zibethinus is a hermaphroditic, self-incompatible tree species native to Southeast Asia (Bumrungsri et al., 2009) . A single tree typically flowers for just 10 d, but can produce over 1000 flowers per night, which are produced in clusters along mature branches (Bumrungsri et al., 2009) . Mass flowering is highly synchronous, and all trees in our study area flowered between March and April, consistent with Bumrungsri et al.
(2009).
Steady-state species. Wild Musa acuminata is a herbaceous plant (Andersson, 1998) native to Southeast Asia that requires pollination to set fruit (Itino et al., 1991) . Each shoot produces a single inflorescence consisting of bracts covering two rows of flowers (typically 15-40 flowers; Itino et al., 1991) . Each night, a bract folds back to expose the flowers, which then fall off by morning (Itino et al., 1991) . This species is temporally dioecious; the first 1-30 hands of the inflorescence produce female flowers (which have functional stigmas and vestigial stamens), then 0-4 hands of sterile flowers, followed by 150-300 hands of male flowers (which have functional stamens and reduced, non-functioning stigmas; Pillay and Tenkouano, 2012). Because of this temporal separation of reproductive functions, within-inflorescence selfing is very rare (Andersson, 1998) . Flowering wild M. acuminata individuals can be found yearround (Gould, 1978; Sripaoraya, 2005; Pillay and Tenkouano, 2012; Stewart and Dudash, unpubl. res.) . Parkia is a pantropical genus (Baker and Harris, 1957) , and the palaeotropical P. speciosa and P. timoriana are both self-incompatible . Both species produce pendant, spherical inflorescences (i.e. capitula) that are either hermaphroditic or functionally staminate . Within each inflorescence, only flowers at the base of the capitulum are fertile; infertile flowers at the neck secrete nectar, while those at the top (where the capitulum connects to the peduncle) provide visual cues for pollinators (Fig. 2) . Trees of both species can have up to 70 capitula open in a night, and flowering typically lasts 4-5 weeks . Parkia speciosa has an extended, asynchronous flowering period; while we observed flowering individuals year-round, the majority of flowering occurred from May to November found most flowering to occur from April to October). In contrast, P. timoriana has a very short, synchronous flowering season from December to mid-January Stewart and Dudash, unpubl. res.) . We used both Parkia species in order to extend the timeframe during which we could conduct experimental trials, and were comfortable pooling the data given their similarity in floral design and the comparable manner in which E. spelaea visits them .
Pollen transfer experiment
Adult E. spelaea were caught in mist nets (polyester, 38-mm mesh; Avinet Inc., Dryden, NY), given as much sugar water as they would consume, placed in cloth bags (following Kunz and Parsons, 2009) for 20-24 h, and tested the following evening. This procedure ensured that individuals were similarly foodmotivated during testing. Since we did not net at the same site twice, the probability of recapture was extremely low (less than 0Á1 % of tagged bats are ever recaptured at a novel site; A. Stewart, unpubl. res.) . Each day trials were conducted, we cut and gathered experimental flowers and inflorescences in the late afternoon. Flowers were cut before anthesis (to ensure that only virgin flowers were used) and the stems were kept in water until the start of the experiment. Trials began as soon as flower anthesis was complete and pollen had dehisced (1900-2000 h).
Since our experimental design required separate male (pollen donor) and female (pollen recipient) flowers, we removed anthers as needed from C. pentandra and D. zibethinus flowers to make them functionally female. Anthers were clipped after anthesis but before pollen dehiscence to minimize the risk of selfpollen falling on the stigmas (verified by examining control stigmas; data not shown). For M. acuminata, we could identify the sex of the inflorescence by visual examination of the exposed reproductive structures (female flowers have a large stigma and reduced stamens that lack anthers, male flowers have tiny stigmas and large anthers on long filaments). Since hermaphroditic Parkia inflorescences contain thousands of flowers and it was not practical to remove all of the anthers to create functionally female inflorescences, we only used Parkia inflorescences as pollen donors.
To quantify how much pollen E. spelaea moves between conspecific and heterospecific flower combinations, we released each individual bat into a 3 Â 4 Â 3 m flight chamber (assembled indoors to standardize lighting and weather conditions) containing two clusters of flowers spaced 1 m apart. Flowers were hung from the ceiling so they were suspended 2-3 m above floor level. One cluster contained only male flowers (pollen donors) and the other contained only female flowers (pollen recipients). We used clusters of three to five flowers for C. pentandra and D. zibethinus and a single inflorescence for M. acuminata and Parkia. These floral arrangements mimic how the flowers are presented in nature. In each trial, the female flowers were initially covered with a plastic bag, a single bat was released into the flight chamber, and all feeding behaviour was recorded for 30 min. If the bat fed at the male flowers, a hidden observer pulled a string, which removed the plastic bag from the female flowers. In conspecific treatments, the bat moved from male to female flowers of the same species. In heterospecific treatments, the bat moved from male to female flowers of different species. Observers remained outside the dimly lit flight chamber and viewed bats directly through a small window or with an infrared spotlight and a Sony Nightshot Camcorder. Trials ended as soon as the bat finished feeding at the female flowers, or at the end of the allotted 30 min, and each bat was used only once. Trials were conducted at multiple locations across central and southern Thailand (Phatthalung, Rayong, Satun, Songkla and Trang provinces) so that bats did not have to be transported far from where they were netted in the field. For each trial in which a bat successfully visited both flower clusters, we collected stigmas from the female flowers. In the case of M. acuminata, where a single inflorescence had dozens of flowers, we randomly selected four stigmas. The stigmas were flattened between a microscope slide and cover slip, and then fixed with fuchsin glycerin gelatin (Beattie, 1972) . The fuchsin dyes pollen grains a bright magenta and facilitates pollen counting and identification to species level, which was accomplished with a compound light microscope at 100-400Â magnification. Since female flowers lack anthers, any pollen found on the stigmas was transferred by E. spelaea from the male flowers initially visited in the trials.
Pollen distribution on the pollinator
After each successful trial, we caught the bat with a hand-net and quantified the amount of pollen transferred onto four locations of the bat's body: the top of the head (crown), face, chest and the ventral side of one wing. Pollen was collected using fuchsin glycerin gelatin, as pollen grains readily adhere to the tacky gel. To standardize pollen collection, we dispensed solidified glycerin gelatin from a 1-mL syringe in increments of 0Á1 mL per sample (Supplementary Data). For each of the four areas on the bat's body, a separate 0Á1-mL gel section was gently pressed into the bat's fur five times, and fixed on a slide. Pollen grains were identified to species and counted using a compound light microscope.
Statistical analysis
All analyses were performed with R 3.1.1 (R Development Core Team). To compare the amount of pollen transferred between conspecific flowers versus heterospecific flowers, we performed a generalized linear model (GLM, package glm). The response variable was the lognormal (ln)-transformed mean number of pollen grains per stigma (three or four stigmas were collected per trial, so we calculated the average pollen load per stigma per trial). The predictors were recipient flower species (C. pentandra, D. zibethinus or M. acuminata) and treatment type (conspecific or heterospecific). Model fit was assessed using histograms and q-q plots of the residuals, and variable importance was determined with Akaike information criterion (AIC) scores (delta AIC <2) and verified with nested likelihood ratio tests (P < 0Á05). Contrasts comparing differences in treatment type within each recipient flower species were corrected with the sequential Bonferroni method (Holm, 1979) . We present back-transformed means and 95 % confidence intervals (CIs) throughout the paper.
To determine if patterns of pollen placement on the bat's body vary by flower species, we used a generalized linear mixed model (GLMM, package glmer). We found that modelling the residuals with a Poisson distribution greatly underestimated the dispersion. As an over-dispersed Poisson is not available in the glmer package, we modelled the residuals with a normal distribution utilizing the lme4 package. The response variable was the ln-transformed number of pollen grains collected. The fixed factors were flower species (C. pentandra, D. zibethinus, M. acuminata or Parkia spp.), body part where pollen was collected (crown, face, chest or wing) and their interaction. Bat individual was included as a random factor and lntransformed total pollen count (i.e. all pollen collected from the bat) was included as a covariate. Histograms and q-q plots of the residuals supported an appropriate fit for the normal approximation. Model comparisons were assessed with AIC scores (delta AIC <2) and verified with nested likelihood ratio tests (P < 0Á05). Contrasts comparing where different flower species deposited pollen on the bat were corrected with the sequential Bonferroni method (Holm, 1979) .
RESULTS
We tested 170 E. spelaea over 26 nights between February 2014 and January 2015. Only 72 bats successfully visited both donor and recipient flowers, and we therefore present the results from these trials only (n ¼ 8 trials for each of the nine floral combinations tested).
Pollen transfer experiment
When comparing pollen transfer between different floral combinations (n ¼ 8 trials for each combination), the model that best fitted our data included recipient flower species (w 2 2 ¼ 15Á2, P ¼ 0Á01) and treatment type (w 2 1 ¼ 120Á3, P < 0Á001), but not their interaction (w 2 2 ¼ 2Á45, P ¼ 0Á51). Eonycteris spelaea transferred significantly more pollen between conspecific flowers than heterospecific flowers for all flower species (pairwise comparisons with sequential Bonferroni correction, P < 0Á001; Fig. 3 ).
Pollen distribution on the pollinator
The model that best described pollen placement on E. spelaea included donor flower species (w 2 12 ¼ 177Á7, P < 0Á001), location of pollen placement (w 2 12 ¼ 265Á6, P < 0Á001) and their interaction (w 2 9 ¼ 132Á6, P < 0Á001) as fixed factors; bat individual as a random factor; and ln-transformed total pollen count as a covariate. The significant interaction between donor flower species and location of pollen placement revealed that the flower species deposited pollen on different areas of the bat. Pairwise contrasts (with sequential Bonferroni correction) demonstrated that pollen deposition patterns were significantly different among all plant study species (P < 0Á001), except between C. pentandra and D. zibethinus (P > 0Á9).
Within each flower species, the ln-transformed number of pollen grains differed significantly among different areas of the bat's body (multiple comparisons with sequential Bonferroni correction, P < 0Á001; Fig. 4) . Our model estimates revealed that bats visiting C. pentandra flowers (n ¼ 16 bats) removed the greatest amount of pollen onto the bat's face, followed by wings, chest and crown. Durio zibethinus flowers (n ¼ 16 bats) had a very similar pattern of pollen deposition. However, M. acuminata pollen (n ¼ 24 bats) was placed almost entirely on the bat's face, while Parkia flowers (n ¼ 16 bats) transferred the large majority of pollen onto the bat's chest.
DISCUSSION
Our study clearly demonstrates that the nectarivorous bat E. spelaea transfers significantly more pollen between conspecific flowers than between heterospecific flowers. Furthermore, we found that different bat-pollinated plant species place pollen on different areas of the pollinator's body, which accounts for the low levels of interspecific pollen transfer. Our plant study species represent four of the most common genera visited by E. spelaea, and our results provide a mechanism to explain why field observations of flowers visited by E. spelaea found only minimal amounts of heterospecific pollen on the stigmas within a community in Southeast Asia (Srithongchuay et al., 2008; Acharya et al., 2015) .
The effectiveness of differential pollen placement in limiting interspecific pollen transfer in bees and hummingbirds has received mixed support (Waser, 1978; Campbell and Motten, 1985; Feinsinger and Tiebout, 1991; Armbruster et al., 1994; Murcia and Feinsinger, 1996; Yang et al., 2007; Flanagan et al., 2009; Huang and Shi, 2013; Huang et al., 2015) . However, work in the neotropics suggests that the varied floral designs of bat-pollinated plant taxa successfully partition pollen placement on nectar bats (Howell, 1977; Tschapka et al., 2006; Muchhala, 2007; Muchhala and Potts, 2007) . Muchhala (2007) proposed that differential pollen placement is easier to achieve on large pollinators, such as bats, and therefore may be more likely to evolve among bat-pollinated plant species. Our study, using a large (40-70 g) bat pollinator and four bat-pollinated plant species, supports this prediction.
Plant species that exhibited the greatest difference in pollen placement on the bat's body (Fig. 4) experienced the least amount of interspecific pollen movement (Fig. 3) , consistent with results reported for neotropical nectar bats (Muchhala and Potts, 2007) . For example, 78 % of M. acuminata pollen was deposited on the bat's face, while 65 % of Parkia pollen was deposited on the bat's chest. As a consequence, E. spelaea transferred an average of 8.2 pollen grains from Parkia to M. acuminata, which is ten times fewer than the mean of 84 pollen grains transferred between conspecific M. acuminata flowers (Fig. 3) . Limiting interspecific pollen transfer is likely particularly important between M. acuminata and P. speciosa since their extended ('steady-state') flowering phenologies overlap almost entirely, and they are both important food resources for E. spelaea. Bumrungsri et al. (2013) found that Parkia and Musa were consistently the most abundant species of pollen in the diet of E. spelaea across all months (each constituting between 24 and 34 % of the diet). Yet by placing pollen on different parts of the pollinator's body, M. acuminata and Parkia flowers experience limited heterospecific pollen exchange, as was also observed in nature by Acharya et al. (2015) . Interspecific pollen transfer was greatest between plant species whose reproductive structures contacted similar body parts of the pollinator. Muchhala and Thomson (2012) reported similar findings in the neotropics: the more similar floral competitors were in terms of pollen placement, the more they disrupted pollen transferred by bats between conspecific flowers. We found that E. spelaea transferred the greatest amounts of heterospecific pollen from Parkia to C. pentandra, and from C. pentandra to M. acuminata. Yet in both instances the amount of heterospecific pollen transferred was still three to nine times less than the amount of pollen transferred in the conspecific treatment (Fig. 3) . These results suggest our focal study species experience limited reductions to female plant fitness through stigma clogging (Waser, 1978; Waser and Fugate, 1986; Morales and Traveset, 2008) and to male plant fitness through pollen misplacement (Inouye et al., 1994; Murcia and Feinsinger, 1996; Muchhala and Thomson, 2012) .
Some combinations of our focal plant study species could not be tested due to non-overlapping flowering phenologies, most notably C. pentandra and D. zibethinus. These two species belong to the same family (Malvaceae) and are much more similar in floral structure than our other plant study species (Fig.  2) . Furthermore, the similar floral designs produced remarkably similar patterns of pollen deposition (Fig. 4 ), yet heterospecific pollen exchange is unlikely given that they do not flower concurrently. Differential pollen placement and non-overlapping flowering phenologies may be two complementary mechanisms that reduce interspecific pollen transfer, as suggested by Howell (1977) for neotropical pollinating bats and Botes et al. (2008) for palaeotropical pollinating birds. Mechanisms reducing heterospecific pollen movement are understudied in the Old World tropics and would benefit from further research, including studies of geographical or ecological isolation, phenological isolation, variation in pollinator assemblages, degree of pollinator fidelity and mechanical isolation due to differences in floral morphology (Ramsey et al., 2003; Kay, 2006 ).
While we only tested four bat-pollinated plant species that are important food resources and commonly co-occur in the field, our results likely apply to other plant species in this system as well. For example, Oroxylum indicum, another bat-pollinated plant commonly found in the diet of E. spelaea (Bumrungsri et al., 2013; Stewart et al., 2014) , has a very different floral design from the four species we tested in this study (Gould, 1978) . The anthers and stigma of O. indicum lie along the roof of the corolla such that contact with E. spelaea occurs along the crown of the bat's head (Gould, 1978; Srithongchuay et al., 2008) . The four plant genera in our study placed very little pollen on this area (Fig. 4) , suggesting little opportunity for interspecific pollen exchange with O. indicum. Supporting this prediction, Srithongchuay et al. (2008) found minimal heterospecific pollen on the stigmas of O. indicum pollinated in the wild; M. acuminata pollen accounted for less than 6 %, Parkia pollen less than 4 %, and an unknown taxon contributed 2 % to the total pollen load found on O. indicum stigmas. Overall, our experimental design reflects bat pollination that occurs in nature, and the observed landing positions and feeding behaviours of E. spelaea matched their behaviour in the wild (Baker and Harris, 1959; Itino et al., 1991; Bumrungsri et al., 2008 Bumrungsri et al., , 2009 Acharya et al., 2015; A. Stewart, unpubl. res.) . Although our results may not account for pollen loss from the bats as they fly (Murcia and Feinsinger, 1996; Mitchell et al., 2009) or groom between foraging bouts, these concerns may be less relevant to bat pollinators. The fur of bats may minimize passive forms of pollen loss, and grooming has not been shown to decrease a bat's pollination efficiency (Muchhala and Thomson, 2010) . It should be noted that we measured pollen transfer after the bat visited a single cluster of male flowers, whereas in nature the pollen that a bat carries on its body likely accumulates over the course of multiple flower visits throughout the night (Muchhala and Thomson, 2010) . For this reason, our measures of pollen transfer may underestimate the actual number of pollen grains transferred in nature.
Our study demonstrates an efficient mechanism that reduces competition among flowering plant species sharing a single pollinator, and illustrates how a floral visitor with a broad diet can still be an effective pollinator for a number of plant species. Although several studies have documented that plants can deposit pollen on different areas of a pollinator's body (Howell, 1977; Armbruster et al., 1994; Muchhala, 2007; Muchhala and Potts, 2007; Muchhala and Thomson, 2012; Huang and Shi, 2013) , they rarely confirm the effects of these differences on conspecific versus heterospecific pollen transfer, and typically examine just two plant species. We illustrate that multiple flowering plant species within a community can effectively share the same pollinator through differential pollen placement, and that these differences in pollen deposition can reduce interspecific pollen transfer among sympatrically flowering plant species.
SUPPLEMENTARY DATA Supplementary data are available online at www.aob.oxfordjournals.org and consist of a description and photographs of the syringe method for dispensing glycerin gelatin and collecting pollen grains.
